Background: Invasive measurement of left ventricular filling pressure is the gold standard for determining diastolic dysfunction and predicting subsequent outcomes. For repetitive assessment of diastolic function during long-term management, noninvasive surrogates are used. Their reliability and reproducibility should be validated separately for different cardiovascular diseases and conditions. The aim of this study was to identify noninvasive surrogates of invasively derived left ventricular filling pressure and to relate these surrogates to outcomes (death or valve replacement) in patients with stable, asymptomatic valvular heart disease and preserved ejection fraction. Materials and Methods: In a first cohort, we investigated 54 patients who had spiroergometry, echocardiography, and left heart catheterization within a range of 100 days. In a second cohort (n = 64), noninvasive measures were related to outcomes after follow-up of 694 ± 576 days.
Introduction
Patients with diastolic dysfunction [1] as well as heart failure with preserved ejection fraction (EF) have a poor outcome [2] . Left ventricular filling pressure has been identified as the best index of diastolic function and subsequent mortality [3] .
While invasively measured left ventricular end diastolic pressure (LVEDP) is the gold standard for evaluating filling pressures, management of chronic patients is better served by noninvasive measurements which are reproducible and reliably correlate with invasive findings. Several echocardiographic parameters have been introduced as surrogates for left ventricular filling pressure. However, performance of these surrogate markers varied substantially according to the characteristics of a given cohort [4] - [7] . LVEDP itself is depending on the type and stage of the valvular disease and is co-influenced by factors like fluid state or medication at the time of measurement. Recent recommendations for echocardiographic assessment using a comprehensive approach with multiple parameters [8] are complex and require extensive analysis. The reliability of these parameters has to be validated separately in different cohorts in order to identify the most applicable ones.
To focus on which parameters are most applicable, their reliability in different cohorts has to be validated separately. Filling pressure is influencing the prognosis of patients with asymptomatic valvular heart disease (VHD) and preserved EF [9] , and by this, may also be important for optimal timing of valve surgery. Therefore, in patients with asymptomatic VHD and preserved EF, we validate that non-invasive surrogates of filling pressure derive from echocardiography, spiroergometry, and laboratory biomarkers by their association with invasively measured LVEDP as well as their predictive value for outcomes.
Material and Methods

Patients
We retrospectively recruited, consecutively, two patient cohorts from a study of exercise tolerance in patients with VHD. It lasted from July 2004 until December 2011; follow-up was terminated in August 2012. For the issue of the presented manuscript, all patients who had baseline parameters that were important for the analysis of LVEDP surrogates and had outcome data were recruited for the presented analysis. This is a substudy of a complex evaluation of outcome of patients with asymptomatic higher degree valvular heart diseases. The complex study had been approved by the Ethics Committee of the Physician's Chamber of Berlin, and all patients gave written informed consent.
To assess the association between non-invasive surrogates and invasively measured LVEDP, we considered patients with eligible heart catheterization data and performed echocardiography as well as spiroergometry within 100 days of catheterization without intervening cardiac surgery or major change in symptom status. Catheterization was performed based on clinical indications. Due to the patient number that is necessary for multivariable analysis with surrogate parameters, their assessment was performed only in the entire VHD group. Prognostic value of filling pressure surrogates was investigated by a second cohort where follow-up data on valve surgery and mortality were available. Inclusion and exclusion criteria for the study were published previously [10] . In brief, patients in both cohorts we included asymptomatic moderate-severe VHD with an aortic valve area <1 cm 2 or a mean pressure gradient >35 mmHg. Additionally patients were included with a volume overload by a more than second degree mitral or aortic regurgitation [11] , evaluated by conventional tissue Doppler. All patients were in sinus rhythm with LVEF ≥ 50%. Exclusion criteria were the following: severe coronary artery disease (>70% stenosis in a main coronary vessel), renal failure (creatinine >180 μmol/l), hepatic failure, severe pulmonary disease, anemia, malignant disease, and musculoskeletal disabilities that would potentially affect spiroergometric performance. A cut-off for LVEDP was set at 15 mmHg to confirm the diagnosis of an elevated filling pressure.
Echocardiography
Echocardiography was performed on a Vivid 5 ® ultrasound machine (GE Healthcare, Milwaukee, WI). Data were obtained from 2-D, M-mode, conventional, colour as well as tissue Doppler according to current guidelines [8] . Tissue doppler E', A' and S' were derived from the septal mitral-annular border. Aortic valve area and left ventricular mass were indexed per m 2 of body surface area and ejection fraction by Simpson. For assessment of left ventricular filling pressure, we used the ratio of the transmitral pulse-wave Doppler early inflow E to the tissue Doppler E'-derived from the septal border of the mitral annulus (E/E'sep) as well as to the flow propagation velocity (E/Vp) measured by color M-mode. Moreover, the ratio of isovolumetric relaxation time to the difference between the time interval from the ECG-R-wave to the tissue Doppler E' and to the trans-mitral E (IVRT/TE'-TE) was used [12] .
Spiroergometry
Each patient underwent a symptom-limited semi-supine cycle ergometer test with increasing work rate of 5 -15 W per minute. A respiratory quotient of 1.1 was considered as indicating a sufficient exercise level. A 12-lead ECG was monitored continuously, and blood pressure and symptoms were assessed every 2 minutes. O 2 consumption, CO 2 production, and minute volume of ventilation (VE) were determined breath-by-breath by a gas analyzer (Quark PFT ® , Cosmed, Roma, Italy). At the maximum exercise stage, the highest 10 second average of O 2 consumption values was taken to calculate the peak O 2 consumption (peak VO 2 ). VO 2 was also assessed at the anaerobic threshold (AT) which was determined with preference of the V-slope in graph 5 of Wassermann-graphic. Ventilatory efficiency was expressed as the slope of ventilation versus CO 2 output in graph 4 (VE/VCO 2 -slope) over the whole VE/VCO 2 -curve [13] . Reduced exercise tolerance was defined as having a VO 2 peak < 80% for given age and gender [14] .
Laboratory Analysis
Blood was drawn from the cubital vein before the stress test. Samples were centrifuged, and stored at −40˚C. Nterminal pro brain natriuretic peptide (NT-proBNP) was measured with the Elecsys-2010 ® analyzer, Roche Diagnostics, Mannheim, Germany. As reported by the manufacturer, the limit of detection is 5 pg/mL, and the cut-off for normal is 125 pg/mL, in accordance with recommendations of the manufacturer (FDA-approved decision threshold for heart failure for patients age < 75 years [15] . Laboratory personnel were blinded to clinical data.
Invasive Measurements
Catheterization was performed based on clinical indications. LVEDP was measured after proper insertion of a pigtail catheter into the left ventricle during breathhold at a near-end expiratory level by using a piezoelectric pressure transformer placed at the standardized level of 1/3 the height of the thorax. Values from 3 -5 cardiac cycles were averaged, and systemic blood pressure was measured as well.
Follow-Up
Patients were followed for 694 ± 576 days. Death or valve surgery where registered during this follow-up period.
Statistical Analyses
We used SPSS version 13 for statistical analyses. Continuous variables are given as mean ± SD. Categorical variables are given as percentage. For group differences, we applied the unpaired T-test for continuous variables and Chi-square-test in crosstabs for categorical variables. As NT-proBNP values were not normally distributed they were log10-transforrned for statistical calculations, respectively. Univariate analyses with LVEDP were performed with 37 parameters that significantly differed between the subgroup of patients with normal filling pressure and the subgroup with elevated filling pressure. For multivariable analysis we used two approaches: First, we constructed seven different models by adding to baseline characteristics and all our surrogates of elevated filling pressures alternatively either left ventricular EF, mass index, end diastolic diameter, left atrial di-mension, S'septal, IVRT/TÉ-TE or AP systolic measured during cath. Second, we constructed models for each surrogate separately where we added age, gender, S'sep, left ventricular mass index (LVMI) and end diastolic left atrial diameter (LAD), separately from each other diastolic as well as systolic measured arterial pressure (AP) during catheterization. The differences between AP measured during catheterization and measures during spiroergometry and echocardiography were assessed by a paired t-test. A Spearman's correlation was performed to assess the association between either LVEDP or its non-invasive correlates and AP measured at the same time. Kaplan-Meier curves were constructed for established surrogates of filling pressures as well as variables which were associated with LVEDP in our linear regression analysis: E/E'sep/lat, E/Vp, VE/VCO 2 -slope,VO 2 @AT, peak VO 2 and NT-proBNP. Receiver operating curves (ROC) were constructed for NT-proBNP to predict LVEDP in the first cohort and mortality or valve replacement in the second cohort. Optimal cut-off points and highest sum of sensitivity and specificity were identified in the ROC curves. A p-value < 0.05 was considered significant.
Results
Left heart catheterization, echocardiography, and spiroergometry were all performed within 100 days in 54 patients without intervening cardiac surgery or major change in symptom status. These patients were included in cohort 1. Within this period, 7 out of 54 patients reported slight increase in symptoms into the mild range. All other patients' symptomatic status remained unchanged. Cohort 2, where follow-up data on valve surgery and mortality were available, consisted of 64 patients. Just 11 patients were included in both cohorts.
Association between Invasively Measured LVEDP and Noninvasive Surrogates
Patients in the first cohort with LVEDP > vs ≤ 15 mmHg did not differ in their baseline characteristics Table 1 . Echocardiographic and spiroergometric surrogates, blood pressure measured during heart catheterization, as well as NT-proBNP values of these patient groups are presented in Table 2 .
Patients with elevated LVEDP showed lower VO 2 AT (p < 0.017), higher VE/VCO 2 slope (p < 0.047), and higher NT-proBNP (p < 0.048). VO 2 peak values were lower-at a borderline significance level (p = 0.058). All other parameters including echocardiographic surrogates of filling pressure did not differ between groups with and without elevated invasively measured LVEDP. In the univariate analysis of LVEDP as dependent variable with single 37 parameters, an association was found for S'sep (R 2 = 0.132, p < 0.008), VE/VCO 2 slope (R 2 = 0.120, p < 0.01), NT-proBNP (R 2 = 0.130, p < 0.01), VO 2 AT (R 2 = 0.095, p < 0.03), and A'mean (R 2 = 0.092, p < 0.04). In all those multivariable regression models, all potential surrogates for LVEDP were included together and mentioned covariables as well. VO 2 AT was an independent predictor of LVEDP (p-value at least of <0.018) also after adding diastolic AP measured during catheterization (p-value at least of p < 0.019). Adding systolic AP measured during catheterization, VO 2 AT remained as an independent predictor beside systolic AP as well (p-value at least of <0.018). Of note, during heart catheterization, a higher AP was measured than during spiroergometry as well as echocardiography (141 ± 23/69 ± 11 vs 133 ± 16/78 ± 10 as well as 137 ± 18/78 ± 9 mmHg; p for systolic/diastolic pressure < 0.0001/0.004 as well as p < 0.06/0.17, respectively). AP during heart catheterization correlated with AP before spiroergometry (p < 0.001 for systolic and p < 0.02 for diastolic AP, respectively), but not with AP measured during echocardiography.
In multivariable analysis for each surrogate of LVEDP separately, once again only VO 2 AT was an independent predictor of LVEDP after correction by S'sep, LMVI and LAD (p-value at least p < 0.049). By adding AP during catheterisation as a covariable, systolic AP was an independent predictor as well (p < 0.004).
Surrogate Markers for LVEPD and Prognosis
In the second cohort of 64 patients, follow-up investigation was completed after 694 ± 576 (min 43, max 2146) days. During follow-up, 3 cardiovascular deaths occurred and 41 patients received a valve replacement. Thus, 20 patients remained event-free.
For Kaplan-Meyer-curves of the noninvasive surrogate markers for LVEDP Figure 1 (a) and Figure 1(b) , NT-proBNP with a cut-off of >125 pg/ml showed to be the only predictor for valve replacement or mortality (p < 0.037). E/E'sep was of borderline significance for a worse prognosis (p = 0.054). In the subgroup of patients with aortic stenosis, n = 64, Kaplan-Meyer-curves, Figure 2 (a) and Figure 2(b) , showed that both NT-proBNP and E/E'sep were predictive for our combined endpoint (p < 0.011 and <0.033, respectively). The ROC curve analysis results are presented in Figure 3 (a) and Figure 3(b) . The best cutoff concentration of NT-proBNP to predict an elevated EDP, by our definition >15 mmHg, was 421 pg/mL (sensitivity of 42% and specificity of 91%). The best cut-off to predict our combined endpoint was identified at 122.45 pg/ml (sensitivity of 68% and specificity of 70%), which is close to the recommended clinical upper limit of normal.
Discussion
We investigated patients with VHD and preserved ejection fraction and evaluated several non-invasive surrogates for left ventricular filling pressure including spiroegrometry, echocardiography, and laboratory biomarkers. Our results showed that VO 2 AT had the strongest association with invasively measured LVEDP. NT-proBNP was the strongest predictor of future valve surgery or death. Other commonly used non-invasive surrogates for left ventricular pressure were either just weakly or not at all associated with either LVEDP or prognosis.
In patients with VHD, especially those with preserved systolic function and who are asymptomatic, decision making for surgery is still challenging [16] [17] . Elevated LVEDP is one of the core parameters to characterize disease severity and by this might influence therapeutic decisions. Invasive measurement of this parameter is the A', E', late and early diastolic movement; AP syst, diast, arterial pressure systolic, diastolic; E/E', ratio of early transmitral inflow to E'; E'sep/A'sep, ratio of tissue Doppler early to late diastolic movement; EF, ejection fraction; E/Vp, ratio of transmitral to flow propagation; IVRT/TE'-TE, ratio of isovolumetric relaxation time to difference between times of R-wave to E' and to E; index; LAD, left atrial diameter; LVMI/BSA, left ventricular mass; S', tissue-Doppler systolic movement. Values are given as mean ± SD. gold standard, but it is problematic for serial evaluations of asymptomatic patients due to safety, economic and time concerns. Therefore, valid non-invasive measures would be preferable.
In our first cohort, we found that VO 2 AT, VE/VCO 2 -slope, NT-proBNP and several echocardiographic measures such as S' and E/E'sep to be significantly associated with LVEDP. In our multivariable models, however, VO 2 AT was the only independent predictor of LVEDP. To our surprise, established echocardiografic surrogates for LVEDP were not predictive, though some previous studies have used parameters such as E/E' as a surrogate marker of elevated filling pressure [18] - [20] .
Our data point out the necessity to define the validity of surrogate markers for filling pressure separately for different patient cohorts. For example, E/E' was associated with filling pressures in some studies [16] [18] but (a) (b) Figure 3 . Best cut-off evaluation for NT-proBNP to (a) predict elevated LVEDP with a sensitivity of 42% and a specifitiy of 91% (arrow) and (b) to predict mortality or valve replacement with sensitivity of 68% and a specificity of 70% (arrow).
not in others [4] [5] [17] . For natriuretic peptides, it has also been observed in some cohorts that a significant correlation with hemodynamic parameters is lacking [21] [22] . Consequently, we suggest validation of surrogates for the management of specific types of cardiac disease separately. In recent guidelines, IVRT/TE'-TE has also been introduced as a marker of filling pressure, especially for patients with small, hypertrophied ventricles [8] . However, data which confirm this relationship, to our knowledge, are sparse, though some data have been presented which show an association between filling pressure and the time difference TE'-TE [12] [23] . However, in our cohort, both TE'-TE and IVRT/TE'-TE failed to predict LVEDP.
Of note, no correlation between systolic AP measured during catheterization and during echocardiography was found in our cohort. This may partially explain the poor prediction of LVEDP by E/E' or E/Vp. Being dependent on afterload, LVEDP can vary during different settings or from day to day. This can be avoided by performing angiography and echocardiography simultaneously. In usual clinical practice, however, these tests are performed at different times. This caveat has to be considered when using E/E' as a surrogate of LVEDP.
Filling pressure is established as a major determinant of symptoms as well as of objective functional status of those patients, which is especially relevant for our asymptomatic patient group. Our results for VO 2 AT and, to a lesser extent, VE/VCO 2 slope confirmed this association. Since both these markers of objective exercise intolerance are prognostic in heart failure [24] , they also might be useful for the management of asymptomatic VHD including the possibility of early indication for surgical treatment. These data are in line with previous results applying spiroergometry in asymptomatic VHD patients [10] .
From all surrogate markers of elevated filling pressure tested, only NT-proBNP was able to predict outcomes. This is in accordance with several previous studies with natriuretic peptides [25] [26] . In the aortic stenosis sub group, E/E'sep was predictive as well. Previous studies by others showed a poor performance of E/E'sep in patients with mitral regurgitation [27] [28] . One might speculate that the poor correlation in patients with mitral regurgitation was responsible for the failed association with outcomes in our entire group of VHD since this parameter was predictive in our patients with aortic stenosis.
In summary, patients with moderate to severe asymptomatic VHD and preserved ejection fraction, NT-proBNP as well as VO 2 AT and VE/VCO 2 slope indicated elevated filling pressure as assessed invasively. The composite outcome of subsequent death or valve surgery was predicted by NT-proBNP, especially in patients with aortic stenosis. Echocardiographic parameters were of limited value for prognostic purposes in our study. Thus, noninvasive parameters reported to be surrogates for left ventricular filling pressure should be further investigated and then differentially used in patient groups with overloaded ventricles and preserved ejection fraction. Validated markers are warranted, particularly in patients with asymptomatic VHD, due to the challenging decisionmaking for surgery.
Study Limitations
First of all, this study is conducted on a small cohort, recruited from one center, and several types of VHD are included. The variety of investigated VHD has a different affection on the LVEDP. This may have a certain influence on the results. Further studies have to be performed including larger groups of single valvular diseases. Up to now, common filling pressure surrogates should be interpreted with caution.
Secondly, we accept a time interval up to 100 days between the invasive and non-invasive examinations. Though there is minimal change in symptomatic status during this time frame, a shorter time interval will have been preferable for research purposes. However, this time interval reflects routine patient management in a clinical setting. The vast majority of our outcomes are elective surgery (n = 41) rather than cardiac death (n = 3). Further studies employing larger cohorts with a single VHD type and with a shorter time interval between the examinations are required before routine use of spiroergometry and biomarkers for surgical decision-making are recommended.
